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Evidence is beginning to accumulate indicating that catalytic recombination of oxygen atoms may 
be the mechanism of extinction of flames by halogenated extinguishing agents. The literature of flame 
inhibition and of oxygen atom chemistry has been examined to ascertain whether the available data 
would support such a mechanism. Considerable sustentative evidence was found. 

Kinetic rate-constant data are not available covering all reactions of interest, but those that are 
reported indicate that catalytic recombination of oxygen atoms can probably compete successfully 
with normal flame processes which require them. 
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1. Introduction 

The study of the chemistry of fires is usually viewed 
as an exercise in fuel chemistry. This viewpoint is 
somewhat surprising since the oxidant, rather than the 
fuel, is the feature common to nearly all such fires. 
Likewise, in the study of the extinction of unwanted 
fires, the fuel appears to have received nearly all the 
attention. An examination of literature on the chemistry 
of atomic oxygen revealed a single reference [l], 1 in 
which it was suggested that the effects of halogen atoms 
in recombining oxygen atoms "might have applicability 
in flame inhibition." The statement was made specifi- 
cally with respect to I-atoms at 1000 K, which were 
reported [2] to remove O-atoms. from a system some 
200 times faster than could NO molecules; and NO 
had been used in the same system to titrate O-atoms. 

A simultaneous study of the literature on O-atom 
chemistry and the literature on the chemical inhibition 
of flames gives considerable support to Kaufman's [1] 
suggestion. The results of such a study are reported 
herein. 

2. The Point of Attack by the Inhibitor 

The first question to be asked has to do with the way 
an inhibitor modifies flame characteristics. Kydd and 
Foss [3] found that, with hydrogen, the rate of heat 
released in normal flames was independent of the 
oxygen concentration, [O2], if the oxygen was present 
in excess of stoichiometric proportions. Phillips and 



1 Figures in brackets indicate the references at the end of the paper. 



Sugden [4] reported that 2 percent Cl 2 raised the flame 
temperature 20 to 30° in premixed H 2 — O2 flames, 
while bromine and iodine had much smaller effects. 
Bulewicz, Phillips and Sugden [5] and Rosser, Inami 
and Wise [6, 7] report that the addition of inhibitors 
to flames produced no significant change in flame 
temperatures. The latter authors observed quite 
significant changes in quenching distance, however. 
Lask and Wagner [8J, Halpern [9] and Miller, Evers 
and Skinner [10] related changes in flame speed to the 
amount of inhibitor and its efficiency. It appears, then 
that the inhibitor operates primarily by altering reaction 
rates, rather than the overall flame thermodynamics, 
i.e., it appears to alter the reaction path without much 
alteration in the total heat release. However, the rate 
of fuel consumption in diffusion flames is controlled 
by rates of diffusion, rather than by reaction rates. The 
same inhibitors that extinguish premixed flames are 
effective against diffusion flames and at about the same 
concentrations, if applied to the air side of diffusion 
flames [11]. If the same inhibition mechanism is to be 
proposed for both premixed and diffusion flames, one 
is forced to consider the near-equilibirum conditions 
obtaining in diffusion flames. 

Diffusion flames may be considered to consist of a 
series of shells of constant composition, each shell 
differing in composition from that on each side of it. 
Reactions in each such shell are thought to be close to 
equilibrium because of the speed of chemical reactions 
compared to the rates at which reactants can be 
supplied to the shell. Within the shell, it appears that 
the logical point of attack is the equilibrium itself. 
Most such equilibria in flames are attained as the 
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result of chain reactions. A reduction of the concentra- 
tion of a single species, if it is involved in a chain 
reaction, is a necessary and sufficient condition for 
the upsetting of any of the equilibria so attained. 
Diversion of a reactant species to form a product not 
useful in chain propagation would produce such a 
disturbance. For example, robbing a hydrogen-oxygen 
chain of H-atoms by CF 3 to form CF 3 H, or of O-atoms 
to form COF2 [12] would effectively break the chain. 

The same result could be accomplished by the intro- 
duction of additional steps in the chain. For example in 
the hydrogen-oxygen chain, if the recombination of 
O-atoms could be speeded up so that it was competitive 
with other reactions removing O-atoms, the equilibrium 
would be shifted. The recombination and splitting of 
oxygen effectively only adds additional steps to the 
normal chain reaction. Since the reaction would even- 
tually go to completion, as species migrate from shell 
to shell, one would not expect any great change in the 
overall flame thermodynamics. 

Species derived by pyrolysis of the fuel must migrate 
outward to reach the reaction zone. Thus, reduction of 
their concentrations or interference with their diffusion 
would result in a smaller diameter, longer diffusion 
flame. This effect is usually observed when the in- 
hibitor is added to the fuel. Species migrating inward 
toward the reaction zone include 2 , and O, as well as 
some OH and H0 2 . Reduction of their concentrations 
should produce an increase in the diameter of a diffu- 
sion flame. This effect is usually observed when the 
inhibitor is added to the oxygen side of a diffusion 
flame. Thus, an increase in diameter tends to implicate 
oxygenated species while a decrease points toward 
involvement of fuel fragments in the inhibition 
mechanism. 

Experimental results obtained by Rosser, Inami, and 
Wise [6, 7] indicate that inhibition, in their system, is 
associated with the use of oxygen as an oxidizer. Some 
observations by the author indicate that there may be 
an additional limitation in that the oxygen must be gas 
phase oxygen. Solid compounds, like perchlorates, 
appear not to be subject to inhibition by halogen com- 
pounds. It appears, also, that inhibition by halogenated 
compounds may affect only the branching steps of 
the hydrogen-oxygen chain reactions 



H 2 + 0-+OH+H, 
2 + H^ OH+O. 



(1) 
(2) 



The oxidation of CO to C0 2 is strongly inhibited [13], 
while the oxidation of C to CO appears to be unaffected 
[14, 15] by halogens or their compounds. The oxidation 
of CO to C0 2 depends in a secondary way on the hydro- 
gen-oxygen chain reaction, since it requires OH and/or 
H0 2 , according to the reactions 

CO + OH-> C0 2 + H [16, 17] (3) 

CO+H0 2 -^ CO2+ OH [18, 19]. (4) 

Evidence for the involvement of the hydrogen-oxygen 



chain reaction in the mechanism of inhibition is rela- 
tively plentiful. The negative evidence, lack of in- 
hibition when the chain reaction is not present, is 
harder to document, probably because of the paucity 
of oxidizing gases which will support flames. Available 
data appear to be limited to the nitrogen oxides. 

The involvement of O-atoms in the inhibition mech- 
anism is supported by the observation [20] that the 
flame speed, in several fuel-oxygen systems, was 
linearly related to the [O]. However, the involvement of 
O-atoms exclusively cannot be supported on this 
evidence alone, since O, H, and OH are expected to be 
present in near equilibrium concentrations because of 
the rapid rates, both forward and backward, of re- 
actions 1 and 2 relative to rates of diffusion. The 
linear relationships between [O] and flame speed 
provides rather strong support for the involvement of 
the hydrogen-oxygen chain reaction in the inhibition 
mechanism, however. 

3. The Nature of the Inhibiting Species 

Skinner and Ringrose [12] came to the conclusion 
that the intact inhibitor molecule is involved in ex- 
tinguishment. It is generally believed, however, that 
the actual inhibition is accomplished by one or more 
fragments of the inhibitor molecule or their recombina- 
tion products. In the case of halogenated organic in- 
hibitors the most active fragment is believed to be the 
halogen (CI, Br, or I) atom. Some support for this belief 
is given by the observation [11] of emission bands as- 
sociated with the recombination of bromine atoms on 
the air side of diffusion flames inhibited by CH 3 Br. 
When Br 2 was substituted for the CH 3 Br, no Br 2 emis- 
sion was seen, but inhibition was still evident. The 
same system of emission bands was reported [21] in 
oxygen-rich premixed flames. Fuel rich flames pro- 
duced emission associated with the excited halogen 
acid. Much stronger support for the importance of 
atomic halogen comes from the composition pro- 
files of premixed flames which show [22] that CH 3 Br 
decomposes at an earlier point in the reaction zone than 
does the fuel (CH 4 ). Preliminary observations of the 
author indicate that decomposition of CF 3 Br is com- 
plete well outside of the reaction zone of a diffusion 
flame when it is added to the air side. The CF 3 radical 
produced by removal of the bromine atom from CF 3 Br 
may play a part in inhibition since COF 2 and CF 3 H 
were found [12] in shocked mixtures of H 2 , 2 , and 
CF 3 Br. 

There are several reasons why the halogen acids are 
not serious contenders for the position of the primary 
inhibiting species. In diffusion flames, the region out- 
side the reaction zone, where inhibition appears to 
take place, is an oxygen-rich, recombination region. 
If the inhibitor molecule contains no hydrogen (such as 
CF 3 Br) the only source of hydrogen would be the 
H-atom, the OH radical and H0 2 radical produced by 
the flame. The most likely reaction for formation of the 
halogen acid would be 



H + X + M^HX + M. 



(5) 
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This reaction is third order and would be slow compared 
to the second order flame reactions. It would introduce 
an extra step in the generation of the inhibiting species 
so that CF.jBr would be expected to be less efficient 
than HBr itself. The reverse is observed, although 
part of the effect may be due to the CF 3 radical. When 
the inhibitor is added to the fuel, one would expect that 
HX would be a common reaction product which would 
be formed from the inhibitor molecule whether or not 
it originally contained hydrogen. Emission spectra [21] 
indicate that this product is actually formed. But the 
inhibitor (HX), when added to the fuel, is little more 
effective than the equivalent amount of nitrogen [13]. 
It would appear that the halogen acids cannot survive 
the oxidizing conditions in the reaction zone and the 
region immediately outside it. This would be particularly 
the case for HI and HBr, while HC1 would undoubtedly 
be somewhat more stable under these conditions. In the 
oxygen-rich recombination region, recombination of H, 
OH and HO2 are to be expected as a normal part of 
the flame processes. Recombination of oxygen atoms 
in this region would rob the reaction zone of one of its 
primary reactants. Reactions such as 



HX + OH^X + H 2 



(6) 



are second order recombination reactions for H and 
OH, replacing the slower, third order recombination 
of H and OH to form water, and could be important 
only in that atomic halogen is formed. 

It is of interest to speculate on the mechanism of 
decomposition of inhibitors. Some of them are thermally 
quite stable. For example, CF 3 Br is prepared com- 
mercially by bromination of fluoroform at temperatures 
of 673 to 873 K, and by brominolysis of perfluoro- 
propane at temperatures of 973 to 1273 K [23]. Thermal 
stability, with retention of chemical activity may even 
be an advantage in an inhibitor. It would permit the 
inhibitor to approach the reaction zone closely enough 
to be decomposed by active species in the flame front. 
Both the decomposition reaction and the decomposition 
products "Would, thus, be effective at the most appro- 
priate region of the flame. The most probable species 
present in this region of a diffusion flame would include 
such stable compounds as 2 , C0 2 , H 2 0, and CO, as 
well as such active species as O, H, OH, and H0 2 . 
Reactions of inhibitor molecules with the active species 
appear not to have been extensively studied. The reac- 
tion between O-atoms and CC1 4 appears to be too slow 
to compete successfully with flame reactions. The 
overall reaction rate constant 2 was found to be 

983 
log k = — 13.48 =- by Ung and Schiff [24] over a tem- 
perature range of 273 to 373 K. 



2 Reaction rates in this paper are quoted in the form log )0 k = A — C/T or logi k = A+B 
\ogT — C/T and are for concentrations in particles cm -3 , seconds and degrees Kelvin. 
The activation energy £*= 2.303 HC, where R is the gas constant. R = 8.314 J mol" 1 K 1 ; 
= 1.987 cal mol _1 K~'. Many of these rate constants are of lower reliability than indicated 
by the number of significant figures shown for k % A, B, and C. Assume logn, A:=t 0.5 unless 
otherwise stated. 

Enthalpies of reaction were calculated from AHf° (298.15 K) data in NBS Technical 
Note 270-3 (1968). No temperature correction was made. Values are given in kjmol -1 
and kcal mol ' (1 eal = 4.184J). An "exothermic reaction" 1 has A// < 0, and an "endothermic 
reaction" has AH > 0. 



4. Halogen Atom Reactions With Flame 
Species 

Reduction of chain branching would have a powerful 
effect on flame speed. The intermediates H, O, OH, 
and HO 2 in the branching hydrogen-oxygen chain 
reaction are of most interest in the inhibition process. 
Of these, OH is probably the most reactive. The 
emission of the (O, O) band of OH has been variously 
reported to decrease [6, 11, 25] with addition of 
inhibitor or to show no effect up to 2 percent CI2 
addition [24]. For fuel side injection of methyl bromide 
and POCI3, the decrease in OH emission was more 
marked than for air side injection [25]. However, air 
side injection is expected to produce greater amounts 
of inhibition [11, 13]. Unexpectedly, CCI4 enhanced, 
rather than reduced the OH emission with air side 
injection [25]. Emission studies are not considered to 
be definitive, however, since the reduced emission can 
be attributed equally well to a decreased total [OH] or 
to simply deactivation of excited OH without change 
in the [OH] concentration. Wilson [22 1 has shown, on 
the basis of calculations from thermodynamics and 
reaction rates, that the [OH| would be expected to 
increase with the addition of inhibitor. Direct reaction 
of halogen atoms with OH via reactions 7, 8, and 9 can 
be eliminated on several counts. 



Cl + OH^HCl + O 

Br + OH^HBr + O 

I + OH^HI + O. 



(7) 
(8) 
(9) 



The production of OH is limited by reaction 2, above, 

[26] which has a rate constant given by log A = — 9.3 

3665 
7jt~ over the temperature range 300 to 2500 K. 

(A = 9.lXlO- 14 cm :i particle- 1 s- 1 at 1000 K) [27]. 

The rate of reaction 7 is given by log k = — 12.48 

22 
+ 0.671ogT-y (£ = 3.2X10-" em 3 particle" 1 s" 1 at 

1000 K), [28] that for reaction 8 by log k = - 12.02 + 0.5 

3250 
logT — (k=l.6x 10- 14 cm 3 particle 1 s 1 , at 

1000 K), [28] and for reaction 9 by log k = - 11.96 + 0.5 

logT jr-(k= 5.8 X10- 18 cm 3 particle- 1 s" 1 at 

1000 K) [28]. The rate of reaction 7 is faster than reac- 
tion 2, reaction 8 about equally fast and reaction 9 is 
much slower. This order, CI > Br > I, is the reverse of 
the observed order of efficiencies as inhibitors for the 
three halogens. Similarly, the enthalpies of the 
reactions are -0.90, +14.80, and +31.03 kcal mol ' 
(-3.8, +61.9, and + 129.8 kj mol 1 ); also in the 
opposite order to that found for the efficiencies. 
Additionally, reactions 7, 8, and 9 would produce 
O-atoms which should lead to increased flame speed, 
according to the data of Fenimore and Jones [20|. 
Direct reaction between halogen atoms and hydroxyl, 
therefore, appears to be an improbable mechanism of 
inhibition. 
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Inhibition of the H 2 — O2 chain by ethylene [29, 30], 
apparently does not involve OH radicals or [H 2 ], but is 
linearly dependent on the [0 2 ]. This view is reasonable, 
since OH is a product, not a reactant, in the H2 — O2 
chain reaction. At least part of the oxidation of CO 
depends on the presence of OH (reaction 3). The inhibi- 
tion of the CO oxidation would appear to depend, at 
least partially, on the reduction of the [OH] by some 
means other than by reactions 7, 8, and 9, since these 
reactions do not appear to be involved in inhibition. 

Abstraction of hydrogen atoms from the fuel, to 

form the halogen acid, was proposed by Rosser, Wise, 

and Miller [31] as the first stage in an inhibition 

mechanism. The second stage suggested was the 

removal of 0, H, OH, CH 3 , etc., by the halogen acid 

with regeneration of the halogen atom. Thus, in terms 

of the hydrogen-oxygen chain reaction, the actual 

inhibitor would be the halogen acid. Some objections 

to the halogen acid as the primary inhibitor have been 

listed above. This mechanism, in effect, substituted a 

halogen atom for an atom of one of the active flame 

species. It also required a molecule of fuel for the 

production of the halogen acid. No such fuel species 

would be expected in the region where inhibition 

appears to occur. Fish [32] studied the proposal and 

concluded that it could be successful only if the active 

flame species removed was "identically equal to OH." 

Removal of hydroxyl by the halogen acid has also been 

suggested by Ibiricu and Gaydon [25]. Their work was 

based on measurements of the intensity of emission of 

both excited OH and excited CuOH. Only one reaction 

rate has been found for reaction 6, an order-of- 

1303 
magnitude estimate, log k = — 12.8 + 0.5 log T jr 

[33], for X=C1 (£ = 2.5 X10- 13 cm 3 particle- 1 s" 1 at 
1000 K). Fish [32] states that &(OH + HBr)/A:(OH + CH 4 ) 
= 160 at 785 K and that £* (OH + HBr) = 0. By using 
the value £ = 4.4 X 10" 11 exp(-5000//?r) forOH + CH 4 , 
i.e., k = 3.6 X lO" 12 at 1000 K, one obtains £(OH + HBr) 
= 5.8 X 10- 10 cm 3 particle- 1 s" 1 at 1000 K. This makes 
Tunders estimate [33] doubtful. That work assumed 
E *(OH -f HC1) = 6 kcal/mol. The enthalpies of reaction, 
however, are in the correct order, and the reactions 
are exothermic. A// 2 98 = — 11.96, -31.66, and -47.90 
kcalmol- 1 (-50.03, -132.5, and -200.4 kj mol" 1 ) for 
X=C1, Br, and I respectively. The principal objection 
to the abstraction of OH as a mechanism of inhibition 
is that it would shift the equilibria of both reactions 
1 and 2 to the right, tending to favor their going to 
completion. 

Removal of H-atoms by the third order reaction with 
halogen atoms, reaction 5, is slow as discussed above. 
Removal of H-atoms by 



With the hydroperoxyl radical two types of reaction 
may be postulated. 



HX + H->H 2 + X 



(10) 



implies that the halogen acids should be more efficient 
inhibitors than compounds which liberate only halogen 
atoms. In the latter case an additional step would be 
needed to convert the halogen atom to the correspond- 
ing acid. Additionally, the equilibrium for reaction 10 
lies far to the left, at least for X = CI [34]. 



and 



X + H0 2 -*XO + OH 



X + H0 2 ^HX + 2 



(11) 



(12) 



For reaction 11, the enthalpy of reaction, when X= CI, 
is — 1 kcal (— 4 kj) mol" 1 . For X = Br and I, the reaction 
becomes more endothermic, A// = +7 and +20 kcal 
mol -1 (+29 and +84 kj mol" 1 ) respectively so that 
this reaction may be discounted as important in 
inhibition. Reaction 12 is exothermic in all three cases; 
however. Values calculated for X = C1, Br, I are 
A// = -56, -40, -24 kcal mol" 1 (-234, -167, and 
— 100 kj mol -1 ), respectively. Little information could 
be found on the rate constants for either reaction. 
Jensen [35] gives an estimated rate constant for re- 
action 12 of A: = 2Xl0- n cm 3 particle -1 s _1 over the 
range 1000 to 3500 K, which indicates a relatively fast 
reaction. The enthalpies of reaction for both reactions 
11 and 12 go in the order CI > Br > I. 

In spite of this order, Blackmore, O'Donnell, and 
Simmons [36] found that HBr was some 400 times more 
effective than HC1 as an inhibitor for the second limit 
of the H 2 — 2 reaction. They suggested that the quad- 
ratic process, reaction 12, is a chain terminating re- 
action for a chain involving recombination of H-atoms 
by reaction 10, along with some other reaction con- 
verting X-atoms into HX. If reaction 12 is chain termi- 
nating for a chain that is essentially inhibiting in nature, 
it cannot itself be an inhibiting reaction. 

The hydroperoxyl radical is credited with being the 
species chiefly responsible for recombination of O, H, 
and OH in the recombination region outside the re- 
action zone [37]. As such, it is difficult to see how its 
destruction could result in inhibition. A reduction of 
its concentration in this region should have the effect 
of extending the recombination region leaving the 
reaction zone relatively unaffected. Recombination 
reactions in the H 2 — O2 reaction which do not involve 
HO 2 are third order [38] and slow. 

A mechanism of flame inhibition based on O-atom 
abstraction seems to offer some advantage over 
abstraction of H, OH or H0 2 . It can explain the lack 
of inhibition of CH 4 — NO flames by CF 3 Br and CH 3 Br, 
where hydrogen is present but the hydrogen-oxygen 
chain reaction is not required for the oxidation. 

Inhibition of diffusion flames appears to occur in a 
location where O-atoms would be expected to be 
abundant. Such a mechanism would offer an explana- 
tion for the apparent lack of inhibition observed when 
the inhibitor is added to the fuel. This mechanism is 
bolstered somewhat by the reported emission spectra 
of the halogen monoxides in inhibited flames. The 
emission occurs at locations in diffusion flames where 
O-atoms would be expected to be plentiful, and links 
the probable inhibiting species to a species important 
in the hydrogen-oxygen chain reaction. The depend- 
ence of inhibitor concentration on [O2] agrees with 
such a mechanism, as does the relationship of flame 
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speed and [0| [20]. The 10 emission intensity has been 
found to vary smoothly with [()] and [OH) in O-atom 
titration experiments in flames [39]. 

When halogen compounds are added to the air 
supplied to diffusion flames, the presence of halogen 
oxides seems to be indisputible. The first emission 
spectrum of such compounds was reported in 1929 
[40], and a tentative identification of the emitter was 
made. The identification was confirmed in a series of 
papers [41-46], but the in-depth study of their kinetics 
occurred only after the advent of the flash photolysis 
technique [47]. An excellent review was presented by 
Porter [48]. 

Considering the very short lifetimes of the halogen 
monoxides, a surprising amount of information on them 
is available. A very thorough study of their absorption 
spectra was made by Durie and Ramsey [49]. Absorp- 
tion bands associated with FO were not observed, 
although a search was made for them by these authors. 
Electron resonance spectra of CIO and BrO have been 
measured [50]. The first matrix isolation technique 
applied to CIO was reported by Norman and Porter 
[51, 52, 48]. Recently, microwave spectra have been 
obtained for CIO [53] and BrO [54]. 

Oxygen atoms may take part in both the formation 
of halogen monoxides and in their subsequent re- 
actions. Reactions of the type 



O + X + M-^OX + M 



(13) 



are thermodynamically probable, since the enthalpies 
of reaction are exothermic, A// = — 64.29, —56.23 and 
-43.25 kcal mol- 1 (-268.9, -235.3 and -181.0 kj 
mol -1 ) for X=C1, Br, and I, respectively. The re- 
actions are third order, and could be fast, depending 
on the number of collisions required for deactivation 
of the newly formed XO. No information on the rates 
of these reactions has been found. Reactions of the 
type 

+ X 2 ^XO+X (14) 



are more nearly thermoneutral. The enthalpies of 
reaction are A// = — 6.13, —10.14 and —7.09 kcal 
mol" 1 (-25.6, -42.4 and -29.7 kj mol" 1 ) for X = C1, 
Br and I, respectively. Clyne and Coxon [55] deter- 

mined a rate constant, log A: = —11.02 jr cm 3 parti- 
cle -1 s" 1 over a temperature range of 174 to 396 K, 
for X2 — CI2. This value appears to have been obtained 
in the absence of molecular oxygen by measurement 
of the rate of variation of the [O] in a flow system. No 
measurements were made of the rate of variation of 
the [CIO], however. Niki and Weinstock [56] remedied 
these deficiencies. With the [Cl 2 ] larger than the [O], 
and in the presence of O2, the latter authors found a 
rate constant of log A: = —12.85 (k in cm 3 particle -1 
s _1 ) for reaction 14 with X 2 — CI2, at 300 K. Reaction 



14, along with reaction 15, 



was considered sufficient to explain the homogeneous 
reaction between atomic oxygen and molecular chlo- 
rine, provided reaction 15 was considerably faster 
than reaction 14. The same conclusion was also 
reached by Clyne and Coxon [57]. The mixing of O- 
atoms and Cl 2 in a microwave spectrometer failed to 
produce measurable quantities of CIO [58], indicating 
that reaction 15 probably is much faster than reaction 
14, while a similar experiment with Br2 produced 
quantities of BrO ample for measurement. These 
observations appear to indicate that, when X = Br, the 
rate of reaction 14 is comparable to that of reaction 15. 
The proposal of Porter and Wright [59] that a peroxy 
radical, XOO,is part of the reaction chain, thus appears 
unnecessary to explain reaction 14. 

The existence of BrOO is doubtful, in any event, 
because of the weakness of the bromine-oxygen bond 
in such a compound [60]. The mechanism of formation 
of XO by way of XOO is, additionally, unlikely because 
the overall reaction is endothermic for X = Br and I. It 
has been found possible [58] to excite oxygen by 
collision with electrically excited argon. This excited 
oxygen has been found to react with Br 2 to produce 
BrO. It is not known with certainty what the state of 
excited oxygen is, but it is believed to be a low level 
state of molecular oxygen, possibly singlet sigma. It 
appears to be quite long lived, and very reactive. Such 
a mechanism for the formation of BrO in flames needs 
further investigation. Kaufman's [1] "catalytic" recom- 
bination of O-atoms by Cl-atoms has been interpreted 
by Niki and Weinstock [56] as a wall recombina- 
tion of Cl-atoms followed by reaction 14. In the case 
of iodine at 1000° [2], there can be no doubt that I-atoms 
were present, since the equilibrium constant for the 
dissociation 

l/2I 2 (g) = I(g) 

has a value of 0.56 [61]. Molecular iodine was also 
present, however. Norrish and Thrush [62] found that 
CIO was formed 46 times faster than Cl-atoms dis- 
appeared by recombination (with N 2 as the third body). 
While there is general agreement that reaction 15 is 
very fast, the source of the XO has not been clearly 
explained. 

The possibility of the formation of XO by the 
reaction 



X+OH-*XO+H 



(16) 



+ OX^X + 2 



(15) 



was considered and rejected by Phillips and Sugden 
[21]. The reactions are extremely endothermic, 
A// = + 38.05, +46.11 and-h 59.09 kcal mol- 1 (+159.2, 
+ 192.9 and + 247.2 kj mol- 1 ) for X=C1, Br, and I. 

The arguments presented earlier, implicating atomic, 
rather than molecular halogen as the active inhibiting 
species, indicate that reaction 13 may actually be 
faster than reaction 14 as a producer of XO radicals. 
The reverse of reaction 15 as a source of XO radicals 
is improbable for two reasons; the reactions are highly 
endothermic, AH = + 54.81, +62.87 and +75.85 kcal 
mol- 1 (+229.3, +263.0 and +317.3 kj mol" 1 ) for 
X= CI, Br, and I. Secondly, reaction 15 would produce 
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383-876 O - 70 - 5 



O-atoms, which would be expected to increase, rather 
than decrease, the flame speed. 

The proposal that reaction 15 may play a major role 
in inhibition implies that it is fast compared to other 
reactions by which XO might be consumed. The equi- 
librium should lie far to the right. Broida, Schiff and 
Sugden [63] suggested that CIO might be a useful 
titrant for O-atoms. 10 and BrO have been used for 
this purpose [39]. Accurate reaction rate constants are 
apparently not available in the open literature. How- 
ever, a value of log k=— 10.10 (k in cm 3 particle _1 s _1 ) 
at 298 K, was given by Clyne and Coxon [55] for X= CI. 
Their results also confirm that reaction 15 is fast and 
stoichiometric, and show that concentrations of CIO 
radicals may be measured by a titration with atomic 
oxygen. 

In order that the halogen oxides be effective in re- 
moving oxygen atoms, their reactions with other 
species must be slower than the reactions with 
O-atoms. 

The reaction 



CIO + CIO ^Products, 



(17) 



where the products are eventually CI2 and O2, is 
bimolecular in [CIO] and has a reported rate constant 

[64] of log k = — 11.96 7p- (k in cm 3 particle -1 s -1 ) 

over the temperature range 294 to 495 K. This reaction 
is at least one order of magnitude slower than reaction 
15, for which /r = 3.9 X 10 -12 cm 3 particle -1 s -1 at 
1000 K [35]. 

The bimolecular reaction between CIO and H 2 to 
form OH + HC1 is. slow, log k = —15.3 (k in cm 3 par- 



ticle " 



at 298 K, [64] and is exothermic to the 



extent of A# = -37.09 kcal mol -1 (- 155.2 kj mol -1 ). 
If H2O + CI are the products, AH = -52 kcal (-218 
kj) mol -1 . The decay rate of CIO appeared to be 
independent of the presence of H 2 [64]. 

Reactions of XO with atomic hydrogen could yield 
either O or OH by reactions 



XO + H^HX + O 
XO + H->X + OH, 



(18) 
(19) 



and could produce inhibition effects by the interpola- 
tion of an additional step in the reaction chain. Both 
reactions are exothermic. For reaction 18, with X = C1, 
Br, or I, the enthalpies are A// = -38.95, -31.31 and 
-28.06 kcal mol -1 (-163.0, -131.0 and -117.4 kj 
mol -1 ). No information on their rates have been 
found. However, the presence of IO* in fuel rich flames 
[21] indicates that its rate of formation must be as fast 
or faster than its rate of removal in an H-atom-rich 
environment. 

Abstraction of OH, as a mechanism of inhibition, 
appears to be somewhat questionable, as discussed 
earlier. The hydroxyl radical is a product, rather than 
a reactant, in both reactions 1 and 2. Its removal should 
increase the yield of both reactions at near-equilib- 
rium conditions. If reactions 1 and 2 lost no H- or O- 



atoms to diffusion, recombination, etc., they could 
continue to the depletion of H2 and O2. However, H- 
and O-atoms will be lost in a nonideal system and the 
chief function of the hydroxyl radical is to replace 
them by reactions such as 



and 



OH + OH-^H 2 + 
OH + H 2 ->H 2 + H. 



(20) 
(21) 



Thus, the hydroxyl radical has a role as a reactant, 
and its removal could deplete the [H] and [O] to the 
point where reactions 1 and 2 would succumb to such 
losses. The importance of the OH radical, therefore, 
hinges on the factors governing the losses of H- and 
O-atoms from reactions 1 and 2. Additionally, the 
hydroxyl radical, rather than the O-atom, is thought 
[65, 66] to be the species responsible for the primary 
attack on the fuel molecule. Removal, of the OH radical 
could, thus, cause a depletion of the H 2 required in 
reaction 1. 

Bimolecular reactions between the halogen mon- 
oxides with OH may be postulated to yield two different 
sets of products. 



XO+OH^HX + 2 
XO + OH^X + H0 2 . 



(22) 
(23) 



For reaction 22, the enthalpies are exothermic, 
AH = - 55.71, -48.07 and -44.82 kcal mol -1 (-233.0, 
-201.1 and -187.5 kj mol -1 ), while for reaction 23 
they are Aff = +1, -7 and -20 kcal mol -1 (+4.2, 
-29 and -84 kj mol -1 ) for X=C1, Br and I, respec- 
tively. All are thermodynamically probably except for 
X= CI in reaction 23. No rate constant data have been 
found for any of these reactions. 

The poor inhibitor sensitivity observed when the 
inhibitor is added to the fuel of a diffusion flame seems 
to be evidence that there is little competition between 
the inhibitor and the fuel for OH radicals. However, 
under these conditions the inhibitor is probably HX 
rather than XO, because the [O] <^ [H] in this part of 
the flame. IO emission has been observed in fuel rich 
premixed flames [21]. It is not clear whether the IO 
observed under these conditions is attributable to an 
increased population of excited IO over unexcited IO 
caused by the particular conditions of the experiment. 
The absence of CIO and BrO emission does not pre- 
clude the presence of the unexcited radicals. The 
hydroperoxyl radical probably has no very active role 
in the inhibition process, except as a possible reactant 
liberating halogen from the inhibitor molecule. Its 
reactions with XO are not thermodynamically probable. 



XO + H0 2 ^HX + + 2 
XO + H0 2 ^X + OH + 2 . 



(24) 
(25) 



Reaction 24 is endothermic by AH = + 9, +16 and 
+ 19 kcal mol -1 (+38, +67 and + 79 kj mol 1 ) for 
X = C1, Br, and I, respectively. In reaction 25, only 
X=I is exothermic. The enthalpies are AH = + 9, +3 
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and-9kcal mol" 1 (+38, + 13 and -38 kj mol 1 ) for 
X = C1, Br, and I. No reaction rate constants appear to 
have been determined for these reactions. 



5. Competition for Oxygen Atoms 

- 

Any inhibition mechanism taking place at near- 
equilibrium conditions by abstraction of an active 
species is in direct competition with flame reactions 
which depend on the same species. Therefore, it is 
necessary to compare the rates of the supposed 
abstraction reactions in normal flames. O-atom con- 
sumption by reaction 1 is relatively fast. Its rate 

2054 
constant is given [27] by log k = —10.68 =— , 

for k in cm 3 particle -1 s" 1 . The reaction is endothermic 
by A# = -h 1.86 kcal mob 1 (7.78 kj mol- 1 ). The rate 
limiting reaction is reaction 2, which produces the 
O-atoms required in reaction 1. Its rate constant is 

given [27] by log k = — 9.378 =— for k in the same 

units, for a temperature range of 300 to 2500 K. The 
reaction is slow (9.1 X 10~ 14 cm'* particle -1 s _1 at 
1000 K) and endothermic by A# = + 16.76 kcal mol" 1 
(+ 70.1 kj mol -1 ). The backward reaction 



O + OH -> H + 2 . 



(26) 



is the fastest reaction in the hydrogen-oxygen chain. 

43.43 
Its rate constant is given [6] by log k = — 10.57 ™ — 

in cm 3 particle 1 s _1 for the temperature range 300 
to 3000 K. The reaction occurs at 1/10 to 1/20 the gas 
kinetic collision frequency. The removal of O-atoms 
by water molecules is slow relative to reaction 26. 



0+ H 2 0-> OH+OH. 



(27) 



The rate is not known with certainty. Bascomb [67] 
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gives log k = — 10.15 



(k= 7.9 x 10- 1 * 



at 



1000 K). The reaction is endothermic, A// = + 16.87 

kcal mol -1 (70.6 kj mol -1 ). The reaction of an O-atom 

and water to produce an H-atom and a hydroperoxyl 

radical is very slow and very endothermic, and need 

not be considered further (log k = — 12.8 — 0.5 log 

12 440 
T y~ [68], A// 298 = + 55 kcal mol" 1 , +230 kj 

mol- 1 ). 

The reaction 



0+C0 2 ^CO+0 2 



(28) 



is slow except at high temperatures, with log 
k = - 10.50 h> — 



[69], A// 298 = + 8.082 kcal 

mol" 1 (33.814 kj mol" 1 ). At 1000 K it is twelve orders 
of magnitude slower than reaction 26. 

A very fast reaction, consuming O-atoms in the 
region of a diffusion flame where inhibition takes place, 
is the reaction 

O + HO2-+HO + O2. (29) 



The rate constant has been estimated to be greater 
than 10 -11 cm 3 particle -1 s _1 [701, presumably at room 
temperature. The reaction is exothermic by Ai/ = — 56 
kcal mol 1 (-234 kj mol" 1 ). 

Other bimolecular reactions consuming O-atoms in 
normal flames appear either to be too slow or the re- 
actants (such as H 2 2 ) not too probable in the region of 
concern in diffusion flames. 

Third order reactions consuming oxygen atoms 
appear to be generally too slow to compete successfully 
with second order reactions. 



+ + M->0 2 + M 



(30) 



is extremely exothermic (A// 298 = — 119.106 kcal mol l , 
(-498.34 kj mol" 1 )) but slow, log k = - 29.42 -log 

T-y for M = 2 [71]. With regard to reaction 30, 

Kaufman [72] remarked that "Ternary gas phase 
recombination of O-atoms with Cl 2 as the third body 
can be ruled out. They would have to be efficient be- 
yond all reasonable magnitudes and their rate law is in 
disagreement with the observed bimolecular reaction." 
The reaction 

+ OH + M->H0 2 + M (31) 

probably has a rate comparable to that of reaction 30. 
The rate given by Bahn [68], log k = - 30.57 at 300 K, is 
probably high by a factor of 10, based on an alternate 
path from reaction 26. This reaction is also probably in 
the region just outside the reaction zone. 

Removal of O-atoms by an inhibitor should produce 
an increase of [OH] by shifting the equilibrium to the 
left. However, such an increase has not been conclu- 
sively demonstrated. The third order reaction of O- and 
H-atoms is slow even though it is exothermic. 



O + H + M^OH + M, 



(32) 



log £ = -29.3 -log T [73], // 298 = -102.34 kcal mol" 1 
(—428.19 kj mol -1 ). The direct reaction of O-atoms and 
CO is not spin conserved [16, discussion]. 



+ CO + M->C0 2 + M 
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(33) 



log £ = -31.6 — [73], J/ 2 98 = -128. 192 kcal mol 1 , 

(—536.35 kj mol -1 ). The reaction is too slow appreciably 
to affect the consumption of O-atoms. 



6. Recombination of Halogen Atoms 

Halogen atoms, if they are to be effective inhibitors, 
must not disappear by ineffective reactions at rates 
comparable to the rates of effective inhibition reac- 
tions. The third order recombination of halogen atoms 
is, therefore, of interest. Bromine and iodine atom 
recombination is about as fast as O-atom recombina- 
tion at 1000 K. Kaufman [1] reports that "direct re- 
combination (of O-atoms) is so slow that O-atoms react 
faster with other species in flames." 
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On the basis of this estimate it appears that Br- and 
I-atoms also have ample opportunity to react with other 
flame species. For the reaction 

X + X + M-+X 2 + M (34) 

the rate constants may be calculated from log 
£=-31.26-2.7 log (77300) [74] for X=C1, M 
= C1 2 ; log k = -30.67 -3.01 log (77300) [75] for 
X = Br, M = Br 2 ; log k = -35.54 + log r+1150/r 
[76] for X = I, M = I 2 . All three reactions are exo- 
thermic. For X = C1, Br and I, respectively A// 298 
= -58.164, -46.095 and -36.147 kcal moh 1 
(-243.36, -192.86 and -151.24 kj moh 1 ). 

The structure of inhibited diffusion flames gives 
clues to the chemical processes going on in them. The 
"auxiliary reaction zone," which forms outside the 
main reaction zone of some inhibited flames when the 
inhibitor is added to the air side, has been identified 
as due to the recombination of halogen atoms [11]. 
It is not present when molecular halogen is used as 
the inhibiting agent. Presumably, there is a paucity 
of halogen atoms inside the extra reaction zone 
compared to the region outside it. Thus, there is an 
implication that, if inhibition takes place inside the 
extra reaction zone, reactions of molecular halogen 
must be responsible for most of the action, especially 
with X = CI. 

If atomic halogen is responsible for inhibition, the 
action must take place at about the position of the 
extra reaction zone. 

Since the extra reaction zone occurs some little 
distance outside the main reaction zone, inhibiting 
reactions of atomic halogen must occur at somewhat 
larger distances from the main reaction zone. How- 
ever, the addition of small quantities of NO to the 
air supplied to a diffusion flame in this laboratory 
provided evidence, through the yellow-green emission 
of excited NO2, that O-atoms also exist at large 
distances from the main reaction zone. The extra 
reaction zone may be taken as evidence that halogen 
atoms are present in this region in amounts larger 
than equilibrium concentrations. It is further evidence 
of the decomposition of the inhibitor, since the extra 
reaction zone is absent when the inhibitor is molecu- 
lar halogen. In the latter case, the equilibrium is ap- 
proached from the opposite direction. It may be argued 
that the increased effectiveness of CF 3 Br over Br 2 
(on the basis of equivalent amounts of Br) is attribu- 
table to the CF 3 radical. It may be argued equally 
well that the effect is caused by the above-equilibrium 
Br-atom concentrations occurring when CF 3 Br is 
used. In practice, it may even be both. 

It may be noted in passing, that, at a given tempera- 
ture, equilibrium concentrations of I-atoms would be 
greater than Cl-atoms, with Br-atom concentrations 
between the two [61]. Neglecting any chemical dif- 
ferences, this characteristic of the halogens is sufficient 
to establish the observed order of efficiencies, 
I > Br > CI. 

Only at high temperatures, where all three halogens 
are very nearly completely dissociated, and the 
differences in degree of dissociation become negligible, 



would chemical differences outweigh the differences 
in equilibrium atom concentration. 

7. Nonhalogenated Inhibitors 

The suggested attack on oxygen atoms may possibly 
explain the inhibiting effect of such compounds as 
Fe(CO) 5 , Pb(C 2 H 5 )4 and the alkali metal carbonates. 
In the case of iron pentacarbonyl, the evidence for 
recombination of O-atoms is fairly direct. Kaufman 
[72] reported that, in the presence of O-atoms, Fe(CO) 5 
produced finely divided oxide which deposited on the 
walls of the reaction tube causing it to be heated to 
incandescence by the vigorous recombination reaction. 
The deposited iron oxide caused recombination of 
O-atoms in the absence of further addition of Fe(CO) 5 . 
One would expect the suspended oxide to perform 
similarly. The addition of Fe(CO) 5 to the fuel and 
oxygen sides of diffusion flames appears not to have 
been tried, but its effect on flame speed in premixed 
flames is well documented [7, 8]. The addition of the 
alkali carbonates to the fuel and oxygen sides of 
diffusion flames also appears not to have been tried. 
In either case, the positive nature of the metal would 
prevent the formation of stable compounds with 
fuel fragments, (with the possible exception of OH), 
so that such experiments would tend to be less definitive 
than when halogenated compounds are used. 

It may be noted that the ease of formation and the 
stabilities of peroxides of the alkali metals increases 
with molecular weight, as does the extinguishing effi- 
ciency of the carbonates. McEwan and Phillips [77] 
have observed the superoxides of Na, K, and Cs but 
not of Li in oxygen-rich premixed flames. They inter- 
preted their results in terms of the reaction 



(Na,K,Cs) + 2 



+ M -* (Na0 2 , K0 2 , Cs0 2 ) + M. 



(35) 



In the sense that it contains no chlorine, bromine or 
iodine, hexafluoroacetone will be considered with the 
nonhalogen containing inhibitors. This compound is 
known to produce large quantities of thermal CF 3 free 
radicals. While no analyses of combustion products 
were made (see however [12]), it was found [78] that 
hexafluoroacetone was a quite acceptable inhibitor. Its 
efficiency was found to be a function of the [0 2 ] when 
added to the oxidant and it was ineffective when added 
to the fuel (H 2 ). It is probable that it operates by ab- 
straction of both H- and O-atoms, by a nonchain proc- 
ess, to form CF 3 H and COF 2 . Thus, the efficiency of 
CF 3 Br must be divided between the CF 3 and the Br 
fragments of the molecule. 

8. Some Other Implications of Diffusion 
Flame Structure 

The concentration of H 2 would be expected to in- 
crease toward the fuel side of the reaction zone, while 
the [O] would be expected to decrease. Thus, reaction 1 



H 2 + 0-+OH + H 



(1) 
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would be expected to go through a maximum some- 
where fairly close to the fuel. This maximum defines a 
"reaction zone" for reaction 1. Because H-atoms can 
diffuse considerably faster than O-atoms, one would 
expect that the "reaction zone" for reaction 2 



2 + H^OH + 



(2) 



would be somewhat outside that for reaction 1. A chain 
composed of reactions 2 and 21 has been suggested 
[79]. Reaction 21, 



OH + H 2 ^H 2 + H 



(21) 
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is fast, its rate being given [80] by log A: = — 11.17 
At 1000 K l 

A:, = 1.9X10- 13 

A; 2 = 9.1X10- 14 

A: 2 i=8.9XlO- 13 . 

At 2000 K the rates are nearly equal, 
k x = 2x 10- 12 
k 2 = 6x 10- 12 
A: 2 i = 2.5 X lO" 12 . 

In the chain involving reactions 2 and 21, O-atoms 
are an unused product species. Any theory of inhibition 
based on oxygen atoms could not apply to this chain. 
However, reaction 21, like reaction 1, must occur 
toward the fuel side of the overall reaction zone. Its 
position, with respect to reaction 1, will be determined 
by the availability of reactants and the relative rates 
of the two reactions (i.e., the local temperature). In 
any event the reaction zone applicable to reaction 21 
will be well inside that for reaction 2, and the argu- 
ments for the effectiveness of the inhibitor when 
applied to the two sides of the overall reaction zone 
still apply. In fact, the presence of two reactions, each 
requiring H 2 as a reactant might even increase the 
separation between the zones for reaction 2 and 
reactions 1 + 21, because both 1 and 21 produce 
hydrogen atoms which would increase the concen- 
tration gradient responsible for diffusion of H-atoms. 

It is obvious that a great deal remains to be learned 
about the structure of diffusion flames. It has been 
calculated [81] that the rate of propagation of the 
flame front in diffusion flames is directly related to 
the rate of diffusion of H-atoms. Since the transport 
of H-atoms is affected by many parameters, it would 
seem probable that there should be available many 
direct approaches to flame extinguishment. Recom- 
bination of oxygen atoms appears to be a somewhat 
roundabout way of accomplishing the desired result. 
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